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Abstract 

Polyanthra[l,9,8-b,c,d,e][4,10,5-b,c,d,e]bis-[l,6,6a(6a-S)trithia]pentalene  (PABTP)  was  prepared  and  investigated  as  cathode  active  material 
for  lithium  secondary  batteries.  The  organic  disulfide  polymer  was  prepared  by  the  direct  sulfurization  of  anthracene  and  the  oxidative  coupling 
polymerization  of  the  sulfide  anthracene,  characterized  by  FT-IR,  Raman,  elemental  analysis,  XPS  and  XRD.  The  polymer  was  used  as  cathode 
active  material  and  the  lithium  secondary  batteries  were  assembled  and  tested.  The  polymer  had  high  specific  capacity  up  to  1500mAhg_1,  which 
remained  the  value  of  800  mAh  g_1  at  the  77th  cycle,  and  kept  high  charge-discharge  efficiency  of  85%  in  the  whole  test. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

The  development  of  high,  rechargeable  batteries  is  currently 
the  area  of  intense  research  both  in  academia  and  industry. 
Lithium  metal  has  very  high  specific  capacity  (3700  mAh  g-1) 
as  anode  of  lithium  secondary  batteries.  To  achieve  lithium 
secondary  battery  with  high  energy  density,  high  performance 
cathode  materials  are  commanded.  But  the  cathode  active  mate¬ 
rials  with  high  specific  capacity  matching  that  of  lithium  anode 
are  still  in  absence.  Therefore,  cathode  material  with  high  spe¬ 
cific  capacity  is  the  “bottleneck”  to  develop  high  energy  density 
lithium  secondary  batteries.  Organodisulfide  compounds  afford 
energy  storage  by  reversible  two-electron  redox  reaction  of  the 
disulfide  bond  (S-S)  and  have  attracted  intense  research  interests 
since  1990s  [1-5].  Small  molecules  organic  disulfides  are  easy 
to  migrate  from  cathode  and  result  in  short  lifetime.  A  widely 
investigated  organic  disulfide  compound,  2,5-dimercapta-l,3,4- 
thiadiazole  (DMcT),  also  forms  small  molecular  fragments  dur¬ 
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ing  charge  process.  Therefore,  organic  materials  with  stable 
polymeric  backbone  during  redox  reaction  may  promise  good 
electron  conductivity  and  longer  cycle  life.  In  fact,  conductive 
polymers  were  used  as  electrodes  very  early,  but  the  specific 
capacity  was  below  200  mAh  g-1  [6-8].  Poly  anilines  with  S-S 
bonds  as  side  chains  was  synthesized  and  investigated  as  cath¬ 
ode  active  material  in  lithium  batteries  and  showed  high  energy 
density,  but  the  specific  capacity  was  lower  than  that  of  theoretic 
value  [9]. 

In  a  communication,  we  reported  a  novel  cathode  material 
polyanthra[  1 ,9,8-b,c,d,e]  [4, 10, 5-b,  c,  d,  e]bis  -[1,6, 6a(6a  -  S)tri- 
thia] pentalene  (PABTP)  for  Lithium  secondary  batteries, 
which  had  specific  capacity  of  300  to  250mAhg_1  and 
theoretic  capacity  of  440  mAh  g-1  [10].  The  material  has 
several  advantages  to  benefit  the  practical  application:  facile 
preparation,  environmental  benign,  insolubility,  abundant  raw 
material  and  low  price.  Moreover,  the  charge  and  discharge 
are  feasible  in  high  efficiency  at  ambient  conditions.  There¬ 
fore,  we  work  on  the  material  and  have  got  high  specific 
capacity  up  to  1500  mAh  g-1  from  a  new  electrolyte  system. 
In  this  paper,  we  report  the  new  discovery  and  the  prepara¬ 
tion,  characterization  and  electrochemistry  performance  in 
detail. 
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2.  Experimental 

2.7.  Materials 

Anthracene  was  purchased  from  Merck  Co.,  Reagent  grade 
ofLiN(CF3S02)2  (LiTFSI),  1,3-dioxy-pentane  (DXL),  ethylene 
glycoldimethyl  ether  (DME)  and  all  other  reagents  were  pur¬ 
chased  from  commercial  and  used  as  received  without  further 
purification. 

2.2.  Characterization  and  electrochemical  measurements 

Elemental  analysis  was  performed  on  VarioEL  III  instrument. 
FT-IR  spectra  were  recorded  on  a  NICOLET  AVATAR360  FT- 
IR  spectrometer  with  KBr  pellets.  Raman  spectra  were  obtained 
from  Laser  Confocal  Raman  microspectroscopy  with  excitation 
wave  number  of  514.5  nm  argon  ion  laser.  X-ray  photoelectron 
spectroscopy  (XPS)  analysis  data  were  obtained  with  the  mag¬ 
nesium  source  radiation  (1253.6  eV)  operating  at  10KV  and 
10mA.  The  charge-discharge  tests  of  the  lithium  secondary 
batteries  were  performed  on  LAND  BATTERY  TEST  SYS¬ 
TEM  with  current  density  of  40mAg-1  in  the  voltage  range 
of  1. 4-4.4  V.  To  assemble  the  lithium  batteries  two  electrodes 
system  was  applied  using  lithium  as  anode  and  the  compos¬ 
ite  cohering  on  stainless  steel  foil  as  cathode  with  the  area 
of  1.75  cm2.  The  composite  contained  positive  active  mate¬ 
rial  of  1.50  mg  with  the  active  material,  acetylene  carbon  and 
poly(tetrafluoroethylene)  (PTFE)  in  weight  ratio  of  4:4:2.  The 
electrolyte  solution  was  DXL-DME  (2:1)  containing  1  mol  L-1 
LiN(CF3S02)2-  The  batteries  were  assembled  in  dry  glove  box 
filled  with  argon. 

2.3.  Material  preparation 

2.3.1.  Synthesis  ofABTP  and  PABTP 

The  synthesis  of  anthra[  1,9, 8-b,c,d,e]  [4,10, 5-b,c,d,e]bis- 
[l,6,6a(6a-S)trithia]pentalene  (ABTP)  and  PABTP  is  shown  in 
Scheme  1  and  the  following  description.  ABTP  was  prepared 
by  sol  vent- free  sulfurization  of  anthracene.  In  a  dry  three-neck 
flask  equipped  with  condenser  and  nitrogen  inlet,  the  mixture 
of  6  g  sulfur  and  1  g  anthracene  was  heated  at  300  °  for  6  h,  the 
black  solid  with  metal  luster  was  collected  and  extracted  with 
CS2  in  Soxhlet’s  extractor  for  36  h  to  remove  free  sulfur  and 
anthracene  and  obtained  as  the  product  ABTH. 

PABTP  was  obtained  by  oxidative  coupling  polymerization 
of  ABTP  in  the  presence  of  FeCl3  in  anhydrous  CHCI3  solution 
for  36  h.  After  reaction,  CHCI3  was  removed  by  filtering;  FeCl3 
was  eliminated  by  washing  with  dilute  hydrochloric  acid  and 
distilled  water  to  pH  7.  The  polymer  was  extracted  by  methanol 
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Fig.  1.  IR  spectra  of:  (a)  monomer  ABTP  and  (b)  PABTP. 


in  Soxhlet’s  extractor  to  remove  FeCl3  and  dried  at  80  °C  in  oven 
to  constant  weight. 


3.  Results  and  discussion 


3.1.  Vibration  spectra 

The  standard  NMR  technique  is  not  available  for  the  charac¬ 
terization  of  ABTP  and  PABTP  because  of  their  insolubility.  The 
vibration  spectroscopic  characterization  was  performed  and  the 
IR  spectra  are  shown  in  Fig.  1.  FTIR  spectra  show  strong  C=S 
and  C-S  stretching  vibration  at  1213,  1048  cm-1  for  ABTP  and 
1216,  1050  cm-1  for  PABTP  respectively.  The  C=C  stretching 
vibration  for  the  monomer  and  polymer  can  be  found  at  1399, 
1462  and  1402, 1462  cm-1 ,  respectively.  In  addition,  the  peak  at 
838  cm-1  is  attributed  to  the  C-H  out  of  space  vibration  for  the 
adjacent  hydrogen  on  the  anthracene  moieties,  which  became 
weak  and  shifted  to  842  cm-1,  indicating  the  formation  of  iso¬ 
lated  hydrogen  due  to  the  polymerization. 

Fig.  2  shows  the  Raman  spectra  of  ABTP  and  PABTP.  The 
S-S  stretching  mode,  observed  at  463  and  462  cm-1  for  the 


Scheme  1.  Synthesis  of  polymer  PABTP. 


Fig.  2.  Raman  spectra  of:  (a)  monomer  ABTP  and  (b)  PABTP. 
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monomer  and  polymer,  respectively,  providing  evidence  for  the 
S-S  bond  in  the  compounds.  Also  the  C-S  stretching  mode 
is  observed  at  667  and  661  cm-1,  respectively.  The  peak  at 
1018  cm-1  was  assigned  to  the  C=S  vibration.  In  the  C=C 
stretching  region  between  1200  and  1650cm-1,  there  are  two 
main  bands  around  1400  and  1550cm-1. 

Raman  spectroscopy  has  been  used  to  analyze  the  chain 
length  dependence  of  the  effective  conjugation  length  in  linear 
Tr-conjugated  systems  and  established  a  linear  dependence  of  the 
Raman  shifts  with  the  inverse  conjugation  length  for  oligomeric 
conjugated  systems.  Previous  work  on  oligomeric  conjugated 
systems  of  homogeneous  structure,  such  as  oligoenes,  oligopy- 
rroles,  thiophene-based  TT-conjugated  oligomers,  the  C=C 
stretching  frequency  was  found  to  downshift  by  10-130  cm-1 
with  increasing  conjugated  chain  length  [11-15].  Comparing 
the  stretching  vibrations  of  C=C  for  ABTP  and  PABTP,  one 
can  found  that  the  main  stretching  vibration  frequency  shifted 
from  1562  to  1525  cm-1  after  polymerization,  downshift  by 
37  cm- 1  indicating  the  increasing  of  conjugated  chain  length. 
The  obvious  downshift  of  main  C=C  vibration  can  be  an  evi¬ 
dence  of  polymerization  of  ABTP. 

3.2.  Elemental  analysis,  intrinsic  viscosity  and  electrical 
conductivity 


Fig.  3.  XPS  spectra  of  S2p  of:  (a)  ABTP  and  (b)  PABTP 

formation  of  charge-transfer  complex  with  iodine,  ABTP  has  fair 
electrical  conductivity.  After  polymerization,  more  ABTP  linked 
together  to  form  conjugated  polymeric  backbone,  which  result 
the  larger  aromatic  system  and  the  higher  electrical  conductivity. 


3.3.  XPS  spectra 


To  improve  the  cycle  life  and  the  electric  conductivity  of 
the  ABTP-containing  materials,  polymerization  of  the  ABTP 
was  conducted.  Because  of  their  insolubility  in  organic  solvents, 
molecular  weight  measurement  is  difficult.  However,  the  poly¬ 
merization  of  ABTP  is  supported  by  the  intrinsic  viscosity  and 
elemental  analysis  results.  From  a  carefully  treated  ABTP  and 
its  polymer  PABTP,  the  H-content  was  0.817%  (calcd.:  1.10%) 
and  0.606%  (calcd.:  0.55%),  respectively,  indicating  there  was 
a  de-hydrogenized  polymerization.  In  addition,  the  intrinsic 
viscosity  of  0.31  Lg-1  was  measured  for  PABTP  in  aqueous 
sodium  sulfide  at  26  °C,  which  strongly  suggested  its  poly¬ 
meric  structure.  Finally,  the  electrical  conductivity  of  PABTP 
was  higher  than  that  of  ABTP.  Doping  with  iodine  and  mea¬ 
sured  at  room  temperature,  the  electrical  conductivity  of  PABTP 
is  1.52  x  10-4  S  cm-1  while  ABTP  is  7.38  x  10-6  S  cm-1,  two 
order  of  magnitude  higher  than  that  of  its  monomer.  These  results 
indicate  the  larger  TT-conjugation  system  due  to  the  polymeriza¬ 
tion.  Because  of  fused  sulfur-containing  aromatic  rings  and  the 


The  XPS  spectra  of  ABTP  and  PABTP  gave  S2P  peaks  at 
band  energy  164eV,  Cis  at  285  eV,  respectively.  Fig.  3  shows 
the  XPS  spectra  of  S2P,  for  which  the  S2P  appear  as  wide  peak 
with  maximum  at  163.8  and  164eV  and  very  weak  should  at 
162eV,  respectively. 

It  was  widely  accepted  that  trithiapetalenes  are  substances  of 
unusual  composition  having  aromatic  properties  and  resonance 
structure  involving  ‘‘single  bond-no  bond  resonance”,  which 
depicts  a  resonance  of  cyclic  structure  with  single  bond  between 
S-S  atoms  or  isolated  S  atoms  without  bond  at  all  (Scheme  2a-d) 
[16,17].  A  family  of  the  compounds  containing  trithiapetalene, 
trithiapenthalene  antrone  and  the  combination  of  fragments  of 
trithiapetalene  and  antrone,  were  concluded  having  bicycle  and 
resonance  structure  from  XPS  and  quantum  chemical  calcula¬ 
tions.  All  these  compounds  had  similar  S2P  wide  peaks  with 
maximum  at  164eV  and  should  at  162eV.  On  the  other  hand, 
tetrathiotetracene  has  the  S  atoms  with  valence  of  two  and  the 
S2P  band  energy  of  1 64  e  V  [  1 8] .  Hence,  it  can  be  deduced  that  the 


Scheme  2.  The  “single  bond-no  bond”  resonance  structure  of  trithiapetalenes  ABTP. 
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Fig.  4.  X-ray  diffraction  spectrum  of:  (a)  ABTP  and  (b)  PABTP. 

energy  bands  at  164  and  162  eV  are  attributed  to  the  S  atom  with 
valence  of  two  and  four,  respectively,  and  ABTP  and  PABTP 
have  so-called  “single  bond-no  bond”  resonance  (Scheme  2e-i). 
Therefore,  ABTP  may  be  represented  by  structure  of  (e)  or  (f-I) 
in  Scheme  2. 

3.4.  X-ray  diffraction  spectra 

The  X-ray  diffraction  curves  of  monomer  and  polymer  are 
reported  in  Fig.  4.  Both  the  monomer  and  the  polymer  show 
strong  crystalline  refractions  at  26°  (20),  indicating  the  crys¬ 
talline  structure.  Obviously,  the  diffraction  patterns  are  different 
from  those  of  sulfur  or  anthracene  and  came  from  the  new  mor¬ 
phology  of  ABTP. 

3.5.  Charge-discharge  curves 

Fig.  5  shows  the  charge-discharge  curves  of  PABTP,  here, 
the  discharge  plateau  is  at  ca.  2.5,  2.4  and  2.3  V  on  the  4th,  17th 
and  42nd  cycle,  respectively,  declined  gradually  with  the  cycle 
number,  while  the  charge  curves  showed  increased  voltage  up  to 
4.4  V  without  plateau  at  all.  The  results  mean  there  is  some  irre¬ 


versible  redox  reaction  took  place  during  the  charge-discharge 
process  and  the  discharge  voltage  of  the  polymer  is  higher  than 
those  of  elemental  sulfur  (2.1  V)  [18]. 

Being  used  as  cathode  active  material,  the  charge-discharge 
experiment  of  elemental  sulfur  was  conducted  in  the  same 
experimental  condition  as  that  of  PABTP,  which  displayed  very 
flat  discharge  voltage  plateau  at  2.1V  and  charge  voltage  at 
2. 2-2. 3  V.  Obviously,  the  polymer  has  higher  charge-discharge 
voltage  than  that  of  sulfur  and  very  different  charge-discharge 
behavior  from  sulfur. 

3.6.  Cycle  life  test 

The  lithium  secondary  batteries  were  built  using  the  poly¬ 
mer  ABTP  as  cathode  active  material  and  lithium  as  anode.  The 
charge-discharge  experiment  was  conducted  for  77  cycles  and 
the  results  shown  in  Fig.  6.  It  can  be  seen  that  the  specific  capac¬ 
ity  was  ca.  600  mAh  g-1  at  the  2nd- 13th  cycle,  after  a  terrace 
of  ca.  1500  mAh  g-1  from  the  20th  to  the  27th  cycle;  the  capac¬ 
ity  was  maintained  to  ca.  800  mAh  g-1  till  the  77th  cycle.  The 
low  capacity  stage  is  a  pre-activation  process  and  the  high  spe¬ 
cific  capacity  was  obtained  after  activation  by  charging  process; 
then  the  specific  capacity  declined  slowly  due  to  occurrence  of 
some  irreversible  reaction  until  the  new  stable  structure  formed. 
In  addition,  the  charge-discharge  efficiency  was  above  85%  for 
the  all  cycles.  Generally,  organodisulfides  are  considered  too 
low  in  volume  specific  capacity  to  be  used  in  practiced  lithium 
batteries.  But  if  a  polymer  has  stable  charge  specific  capacity  of 
800  mAh  g-1  and  density  of  1.8  g cm-3,  its  specific  capacity  in 
volume  may  reach  theoretically  1400  mAh  mL-1,  higher  than 
that  of  lithium  cobalt  oxide  (LiCoC>2,  750  mAh  mL-1). 

It  is  surprising  that  the  polymer  PABTP  has  the  discharge 
specific  capacity  of  800-1500  mAh  g-1 .  The  generally  accepted 
mechanism  for  the  redox  reaction  of  organic  sulfides  is  the  two- 
electron  process: 

R  -  S  -  S  -  R/t^R  -  S“+“S  -  R / 

— 2e 


0  200  400  600  800  1000  1200  1400  1600  1800 
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Fig.  5.  The  charge-discharge  curves  of  PABTP  in  1  M  LiTFSI/DXL-DME  (1:2)  (current  density  40  mA  g  1 ,  cut  off  voltage  1 .4-4.4  V). 
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Fig.  6.  Cycle  life  of  PABTP  in  1M  LiTFSI/DXL-DME  (1:2). 


Hence,  polymer  PABTP  would  have  theoretical  capacity 
of  444  mAh  g-1.  The  capacity  of  800-1500  mAh  g_1  indicates 
there  may  be  ultra  redox  reaction  to  restore  electrons  or  novel 
mechanism  besides  the  two-electron  process  of  S-S  bond. 

The  redox  reaction  of  elemental  sulfur  can  offer  theoretical 
capacity  of  1675  mAh  g_1 : 

■p  16c  a 

s8  ^  8S2- 

—  16e 

A  polymer-sulfur  composite  containing  S  53.4%  offered  spe¬ 
cific  capacity  up  to  850mAhg_1,  agreed  with  the  mechanism 
and  specific  capacity  of  elemental  sulfur  [18].  In  contrast,  poly¬ 
mer  PABTP  containing  S  58%  gave  specific  capacity  up  to 
1600  mAh  g-1  and  voltage  ca.  2.5  V.  It  can  be  deduced  that  the 
specific  capacity  of  the  polymer  is  not  came  from  and  higher 
than  those  of  elemental  sulfur. 

The  mechanism  is  still  unclear,  it  can  be  deduced  that  the  pro¬ 
cess  is  complicated,  involving  the  cooperation  of  the  polymer, 
solvents,  even  electrolyte;  the  details  are  under  investigation. 

4.  Conclusion 

The  organic  sulfide  polymer  PABTP  was  synthesized  and 
investigated  as  cathode  active  material  for  secondary  lithium 
battery.  The  direct  sulfurization  of  anthracene  and  the  oxida¬ 
tion  coupling  polymerization  of  ABTP  are  facile  method.  The 
characterization  by  vibration  spectra  and  XPS  spectra  indicated 
that  the  polymer  might  have  “single  bond-no  bond”  resonance 
structure  similar  to  trithiapentalene.  The  charge-discharge  tests 
of  the  polymer  performed  at  ambient  condition  show  that  the 
polymer  had  unusually  high  discharge  specific  capacity  up  to 
1500  mAh  g_1.  The  high  charge-discharge  voltage  illustrated 
that  the  redox  reaction  resulted  from  the  polymer  other  than  free 
sulfur.  In  addition,  the  polymer  is  easy  to  prepare,  low  cost  and 
environmentally  benign.  The  mechanism  of  the  redox  reaction 
is  still  under  investigation. 
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